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Recent PAMELA data show that positron fraction has an excess above several GeV
while anti-proton one is not. Moreover ATIC data indicates that electron/positron
flux have a bump from 300 GeV to 800 GeV. Both annihilating dark matter (DM)
with large boost factor and decaying DM with the life around 1026s can account
for the PAMELA and ATIC observations if their main final products are charged
leptons (e, µ and τ). In this work, we calculated the neutrino flux arising from µ and
τ which originate from annihilating/decaying DM, and estimated the final muon rate
in the neutrino telescopes, namely Antares and IceCube. Given the excellent angular
resolution, Antares and IceCube are promising to discover the neutrino signals from
Galactic center and/or large DM subhalo in annihilating DM scenario, but very
challenging in decaying DM scenario.
PACS numbers: 95.35.+d,13.15.+g,95.55.Vj, 98.62.Gq
2I. INTRODUCTION
The main components of our Universe are ‘dark’. Many astrophysical observations have
confirmed the existence of dark matter (DM) which contributes roughly 23% to the energy
density of the Universe. If the DM are weakly interacting massive particles (WIMPs),
they would annihilate into gamma rays, neutrinos and anti-matter particles, which could be
detected experimentally. Generally speaking, the DM should be stable compared with the
life of the Universe. However it is possible that the DM is decaying at an extremely low
rate. Similarly, the DM decay products can be observable.
Recently PAMELA released their first cosmic rays results on the positron and anti-proton
ratios [1]. Usually the anti-matter particles are expected to be produced when the cosmic
rays propagate in the Galaxy and interact with the interstellar medium. The PAMELA
data show a clear upturn (excess) on the positron ratio above ∼ 10 GeV up to ∼ 100 GeV.
Besides PAMELA observation, ATIC collaboration also reported an electron/positron excess
around 300 ∼ 800 GeV [2]. Contrary to the excess of position ratio, PAMEMA anti-proton
ratio is consistent with the predictions. Both PAMELA and ATIC observations indicate
some unknown high energy primary positron sources in the Galaxy. Studies showed that
the pulsars or other nearby astrophysical sources may account for the PAMELA results [3] .
Other possibility to induce the positron excess can be the annihilating [4, 5, 6] or decaying
[7] DM in the Galaxy. In the annihilating DM scenario, if the cross section 〈σv〉 is taken
as the typical annihilation cross section ∼ 3 × 10−26cm3s−1 for thermal relic, a large extra
boost factor (BF) is needed to produce sufficient positron flux to fit the PAMELA results.
Many ideas are proposed to induce the large BF. For example, the new ‘long’ range force
would enhance the annihilation cross section for today low velocity DM, which is dubbed as
‘Sommerfeld effect’ [5, 6, 8, 9]. For the decaying DM scenario, by adjusting the lifetime of
the DM, no BF is needed. Contrary to positron excess, no obvious anti-proton excess has
been observed. This suggests that the main final products from the annihilation or decay
of DM are charge leptons (e, µ and τ) for mDM < 1TeV . Otherwise one needs much heavy
DM, say O(10TeV ) [5], or some special cosmic-ray propagation parameters.
Provided that charged leptons are generated by DM annihilating and/or decaying DM,
it is quite interesting to investigate which charged leptons are response for the PAMELA
and ATIC observations. It is natural to expect that the high energy charged leptons are
3correlated to other observable signals, such as gamma rays, synchrotron emissions or neu-
trinos. Detecting neutrino signals from DM is very attractive and useful to pin down the
nature of DM. In this paper, we will calculate the neutrino flux from the µ and τ which are
producing by DM. Unlike other DM related products, neutrinos have less trajectory defec-
tion and less but finite energy loss [10] during propagation, due to their weakly interaction
nature. As a result, the neutrinos can keep the important information of the DM. For the
same reason, the neutrinos are difficult to be detected if the flux is low (for some recent
works, see [11, 12, 13, 14, 15, 16] ). Usually the neutrinos detected by neutrino telescopes,
such as Super-Kamiokande [17, 18], AMANDA [19] etc. are expected to be the atmospheric
neutrinos, which are produced by interaction between the cosmic rays and atmosphere. The
atmospheric neutrinos are the main backgrounds for detecting the extra neutrinos from DM.
Currently, no high energy astrophysical neutrinos have ever been detected [20].
If the charged leptons are indeed produced by DM, it is a good news for neutrino detection.
Firstly, the neutrino flux can be much larger than that of usual expected. The PAMELA
and ATIC data need higher primary positron production rate than usual production, thus it
is natural to expect that large neutrino flux can be produced from µ and τ decays. Secondly,
the heavy DM (e.g. ∼ TeV ) is favored by ATIC result, thus the neutrinos at the similar
energy scale are expected. As the main backgrounds, the atmospheric neutrino flux decreases
logarithmically with the increment of energy, thus higher energy neutrinos correspond to less
backgrounds. On-going and future kilometer size neutrino telescopes such as Antares [21],
IceCube [22] and KM3NeT [23] can better explore these signals. Thirdly, in the annihilating
DM scenario, the flux of neutrinos depends on the square of the DM number density. If
one searches the Galactic center (GC) or large DM subhalos which contain the denser DM
than other areas, large neutrino flux can be produced. Moreover if the Sommerfeld effect
of DM annihilation is true, the DM annihilation in the subhalo can acquire even larger BF
due to the lower velocity dispersion than that in the DM halo [6, 9]. As a side remark, this
feature provides a potential method to distinguish two DM scenarios, namely GC or DM
subhalos can be higher flux neutrino sources in the annihilating DM scenario than those in
the decaying DM one.
This paper is organized as following. In section II, we calculated the neutrino flux from
the GC and DM subhalo, in the model-independent manner, in the annihilating and decaying
DM scenarios. In section III, we estimated the muon rate at Antares and IceCube for the
4two DM scenarios. We pointed out that Antares and IceCube might detect neutrino signals
in annihilating DM scenario and distinguish different DM scenarios. Section IV contains our
discussions and conclusions.
II. NEUTRINO SIGNALS FROM ANNIHILATING/DECAYING DM
PAMELA data show an excess on positron fraction about 10 ∼ 1000 times larger than
usual estimation, so it is natural to expect that the neutrinos from DM are also enhanced
by the similar number. In the annihilating DM scenario, it is achieved by Sommerfeld
enhancement and/or clumps in DM density. In this paper, BF is used to denote the Som-
merfeld enhancement. Astrophysical enhancement is contained in the astrophysical factor,
as described below.
The neutrino flux observed on the Earth can be written as
φA(E, θ) = ρ2
⊙
R⊙ × 1
4pi
〈σv〉
2m2χ
dN
dE
× JA(θ) (1)
and
φD(E, θ) = ρ⊙R⊙ × 1
4pi
1
mχτχ
dN
dE
× JD(θ), (2)
with dimensionless JA(θ) and JD(θ) defined as
JA(θ) =
1
ρ2⊙R⊙
∫
LOS
ρ2(l)dl (3)
JD(θ) =
1
ρ⊙R⊙
∫
LOS
ρ(l)dl. (4)
Here ’A’ and ’D’ denote annihilating and decaying DM respectively. ρ⊙ = 0.34 GeV cm
−3
is the local DM density and R⊙ = 8.5 kpc is the distance between the Sun and the GC. θ
is defined as the angle between the observational and the GC directions, mχ is the mass of
DM particle, and dN/dE is the energy spectrum of ν per annihilation or decay. 〈σv〉 is the
thermally averaged annihilation cross section, which can be written as
〈σv〉 = 〈σv〉0 ×BF. (5)
Here 〈σv〉0 is set to be 3×10−26cm3s−1, which is the typical annihilation cross section for the
present dark matter abundance under the standard thermal relic scenario. Thus the number
BF is enhancement factor compared with the typical value. The BF can arise from the
5Sommerfeld enhancement as described above. The integral path in Eqs. (3) and (4) is along
the line-of-sight (LOS). The neutrino spectrum dN/dE comes from µ, τ decay. We count all
three flavor of neutrinos and anti-neutrinos at the decay point. After vacuum oscillation, we
adopt assumption that the three flavor neutrinos have the equal flux [11]. Thus we multiply
a factor of 1/3 in order to get the flux of muon neutrino and anti-muon neutrino, which is
the main measured component in the neutrino detector. We should mention here that the
tau neutrinos can also be observed by the Cherenkov neutrino detector because tau neutrino
has the different signal compared with muon neutrino. The tau neutrino can interact with
nucleons and produce tau leptons which subsequently decay into muons. Thus they will
produce a kink in the reconstruction by Cherenkov light, while the muon neutrino has no
such kink. The authors of Ref. [16] have discussed the tau neutrino from decaying dark
matter and found it can improve the detection by a few orders of magnitude. The reason is
simply that the atmospheric neutrinos has much less tau neutrinos than muon neutrinos at
high energy. In this paper, we will concentrate on muon neutrinos observation.
The solid angle average of this J factor is defined as
JA,D∆Ω =
1
∆Ω
∫
∆Ω
JA,D(θ)dΩ (6)
with ∆Ω = 2pi(1− cos θ). The averaged neutrino flux in a certain cone can be written as
φA∆Ω(E) = ρ
2
⊙
R⊙ × 1
4pi
〈σv〉
2m2χ
dN
dE
× JA∆Ω (7)
φD∆Ω(E) = ρ⊙R⊙ ×
1
4pi
1
mχτχ
dN
dE
× JD∆Ω. (8)
In order to calculate the neutrino flux, we must know both the astrophysical J∆Ω factor
and the neutrino spectrum from charged leptons. In Fig. 1, we plot the J∆Ω factor for
annihilating and decaying DM respectively. We used NFW [24] profile here. From the figure
we can see that the J∆Ω reach its maximum values, around 1000 and 20 for annihilating and
decaying DM, in the direction of GC as expected. If cusped density like Moore profile is
used, one will get much larger and slightly larger J∆Ω factors for annihilating and decaying
DM respectively. However, some authors [25] suggested that DM halos around galaxies have
the shallower density than that of predicted by standard cold dark matter theory.
Besides the GC, subhalos can also be the high energy neutrino sources. In the direction
of the DM subhalos, J∆Ω factor can be easily as large as 100, or even higher. In order to
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FIG. 1: J∆Ω for annihilating and decaying DM as the function of half-angle θ for the cone centered
at the direction of the GC. The DM distribution adopted here is NFW profile.
keep the line of this paper, we put the analysis on the number distribution of large J∆Ω
subhalo in the Galaxy in the Appendix.
In Fig. 2, the positron fraction from pure muon and tau decays, as well as the energy
spectrum of positron/electron are plotted for annihilating and decaying DM. It is a model-
independent discussion of these charged lepton channels, thus we assumed that χχ → ll¯
for annihilating DM and χ → ll¯ for decaying DM respectively. From the figures, we can
see that these channels can account for both the PAMELA and ATIC data with the proper
parameters. In the following calculation of neutrino flux, we use the same set of parameters
to get the neutrino spectrum dN/dE.
Based on the J∆Ω factor and the neutrino spectrum from charged leptons, we can calculate
the neutrino flux. In Fig. 3, the expected neutrino flux from muon and tau decay for
annihilating and decaying DM from the GC are plotted. We choose the half angle θ to be
10◦ which is the angular resolution of Super-K for the neutrino energy from 1 GeV to 10 GeV
for a conservative analysis [18]. For the neutrino with higher energy, the Super-K is difficult
to measure the energy of the muons but can count the number. The parameters BF and life
of DM are taken to be the values which can account for the PAMELA and ATIC data. The
figures show that the two DM scenarios have comparable average neutrino flux with that of
the atmospheric neutrino [26] for high energy neutrino, because of the logarithmic decrease
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FIG. 2: The positron fraction from pure muon and tau decays, as well as the positron/electron
energy spectrum for annihilating and decaying DM to account for PAMELA and ATIC data. In
the figures, the labels on the left, e.g. 0.8 TeV, are the energy of the muon or tau leptons, while
the labels on the right, e.g. 860 or 0.85, are the boost factor or life in unit of 1026s for annihilating
DM and decaying DM respectively.
of the atmospheric neutrino. For the low energy region, the neutrino flux are much smaller
than that of the atmospheric neutrino. For some heavy DM, the Super-K can even place
the constraints [11, 14] on their annihilating cross section or life [13]. For the smaller cone
with θ = 2◦, high energy neutrino from the annihilating DM have much larger flux than
that from the background.
In the subhalo, the Sommerfeld enhancement for the DM annihilation can be larger than
that in the halo because the relative velocity of the DM particles are lower. For example
the subhalos can have the velocity dispersion of O(10)km/s [28], which is smaller than the
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FIG. 3: The muon and anti-muon neutrino flux for annihilating and decaying DM at the GC. The
atmospheric neutrino flux data is from Ref. [26]. The x-axis is the energy of neutrinos and the
half angle θ is 10◦ and 2◦ respectively. Other labels in the figure are similar with Fig. 2.
usual velocity of DM v ∼ 10−3c ∼ 300km/s. Thus one can expect an extra Sommerfeld
enhancement for the subhalo [6, 9]. The larger BF in the subhalo will not contradict with the
current atmospheric data, since this effect will be diluted with the larger cone angle where
J factor decreases rapidly. In this paper we do not adopt this extra enhancement, however
we note here that such enhancement can make the discovery of neutrino from subhalo in
annihilating DM scenario even more promising. The decaying DM have much smaller J
factor for massive subhalo, since it does not benefit from the cusped profile very much.
Thus it is possible to detect neutrino from subhalo in annihilating DM scenario, but very
challenging in decaying DM scenario.
9III. MUON RATE AT NEUTRINO TELESCOPES
The neutrino detector Antares have angular resolution of 2◦ from 100GeV to 1TeV [27]
and can see GC for 63% of a year [21]. The Antares has about eight years of operation time
from 2007 to 2015. Using the neutrino effective area Aeffv (E) of Antares [29], we calculate
the events in the 2◦ cone in the Table. I for annihilating DM. The total number of events is
Nv =
∫
Aeffv (E)
dφv
dE
dE. From the table, we can see that Antares may discover the neutrino
signal from GC in annihilating DM scenario, but difficult in decaying DM scenario because
the signal gets negligible increase from smaller cone, which can be seen in the lower panel
of Fig. 3. The future neutrino detector like KM3NeT can further explore the annihilating
DM scenario.
channel N σ channel N σ
atm 1.5 − atm 1.5 −
0.8TeV µ 7.7 6.2 1TeV τ 12.2 9.9
1TeV µ 16.5 13.4 2TeV τ 21.2 17.2
1.5TeV µ 29.4 23.9 3TeV τ 23.3 18.9
TABLE I: The neutrino event numbers in the energy interval 500GeV − 1TeV for eight years of
Antares operation from the 2◦ cone in the GC direction. σ is the significance defined as S/
√
B.
IceCube locates in the south pole and covers the northern sky. It is excellent to look at
the possible large DM subhalo in the Galaxy, provided that it has good angular resolution
like 1◦ [22], which can greatly suppress the atmospheric neutrino background. The massive
DM subhalo can have high density in the center, thus it can produce large neutrino flux and
can be identified by the high resolution neutrino detector like IceCube. Subhalo can easily
reach large J factor, say JSubhalo∆Ω (θ = 1
◦) ∼ 100 or even larger values [15]. In the Appendix,
the number distribution of massive DM subhalos in our Galaxy has been discussed in detail.
In the following estimation, we do not adopt the extreme subhalo model, instead we take J
factor equal to 100.
For the IceCube, we use the same method in Ref. [12, 14] to estimate the muon rate in
the neutrino telescopes in annihilating DM scenario. The total muon and anti-muon rate is
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expressed as following,
dNµ
dEµ
=
∫
∞
Eµ
dφνµ
dEνµ
[
dσpν(Eνµ , Eµ)
dEµ
ρp +
dσnν (Eνµ, Eµ)
dEµ
ρn
]
Rµ(Eµ)Aeff(Eµ)dEνµ + (ν → ν¯),
(9)
where dφνµ/dEνµ is the muon neutrino flux arrived at the neutrino detector.
dσpν(Eνµ , Eµ)/dEµ and dσ
n
ν (Eνµ , Eµ)/dEµ are differential cross sections for the muon pro-
duction process vp → lX and vn → lX . The densities of protons and neutrons near the
detector are taken to be ρp =
5
9
NAcm
−3 and ρn =
4
9
NAcm
−3 respectively for IceCube where
detector volume is filled with ice. NA is the Avagadro’s number. The muon energy loss
is given as dE
dx
= −α − βE, where α and β are empirical parameters. The distance that
a muon travels in the Earth before its energy drops below threshold energy Ethr, is called
muon range which is given as
Rµ(E) =
1
ρβ
ln(
α + βE
α + βEthr
), (10)
where we take the parameters α = 2.0 × 10−6TeV cm2/g and β = 4.2 × 10−6cm2/g to be
the same as Ref. [11]. The effective area of neutrino telescope Aeff is the function of
muon energy which increases as the energy goes up. The symbol (ν → ν¯) means that we
also count the anti-muons from the anti-muon neutrinos because the Cherenkov neutrino
telescope detects both muons and anti-muons.
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FIG. 4: The total muon and anti-muon rates for annihilating DM in the massive subhalo for the
IceCube. The half angle θ is taken to be 1◦.
In Fig. 4, we show the muon rate as a function of muon energy for several parameters
which can account for PAMELA and ATIC data. From the figures we can see that the
11
signal from annihilating DM can be larger than the atmospheric background for heavy DM,
even without the extra enhancement from lower velocity dispersion. We calculate the muon
number in the energy interval 500GeV ∼ 1TeV for ten years and give the significance of
signal σ = S/
√
B in the Tab. II. Heavy DM can reach the five sigma significance which
is quite encouraging for subhalo neutrino search in the annihilating DM scenario. On the
other hand, if no neutrino hot spots are identified, it can put constraints on subhalo model
and BF for annihilating DM.
channel N σ channel N σ
atm 57.6 − atm 57.6 −
0.8TeV µ 21.7 2.9 1TeV τ 41.5 5.5
1TeV µ 55.2 7.3 2TeV τ 136.4 20.0
1.5TeV µ 144.9 19.1 3TeV τ 188.6 24.8
TABLE II: The total muon and anti-muon numbers in the energy interval 500GeV − 1TeV for ten
years operation of IceCube for massive subhalo. σ is the significance defined as S/
√
B.
Finally we would like to discuss the limits from the Super-K observation. Super-K have
searched neutrino signals from DM annihilation in the direction of the Sun, the Earth
and the GC. Currently, no high energy astrophysical neutrinos have ever been detected.
Super-K collaboration detected the upward going muons from several GeV to 10TeV in
the direction of the center with half angles from 5 to 30 degrees, and set limit on muon
flux [17]. For example, Super-K collaboration placed an upper bound of muon flux in the
half angle 10◦ around the direction to the GC as ∼ 5 × 10−15cm−2s−1. In our numerical
examples for annihilating DM, the muon flux are 4.2× 10−15cm−2s−1, 6.5× 10−15cm−2s−1,
1.4 × 10−14cm−2s−1, 5.1 × 10−15cm−2s−1, 1.7 × 10−14cm−2s−1 and 3.4 × 10−14cm−2s−1 for
0.8TeV µ, 1TeV µ, 1.5TeV µ, 1TeV τ , 2TeV τ and 3TeV τ respectively. We should emphasize
that in our calculations we have assumed that DM annihilate into pure muons or taus. If
DM can annihilate to electron/positrons, it is easy to fit PAMELA and ATIC data with
much smaller BF for muon and tau channels and avoid the violation of Super-K limits. On
the other hand, the DM density distribution is still not very clear, especially in the central
region of Galaxy and subhalos. Different DM profiles give very different contributions to
J∆Ω(θ), especially when θ is small. For a cusped profile, the J∆Ω(θ) for small θ will be larger
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and can compensate the decrease of BF, which can keep the neutrino signal large enough
and avoid the violation of Super-K limits simultaneously. We would like to mention that
more stringent constraints on the DM profile may come from the detections of gamma ray
and synchrotron radiation in the GC [30].
IV. CONCLUSIONS AND DISCUSSIONS
Based on the PAMELA and ATIC observations, there may exist extra sources of charged
leptons, namely electron, muon and tau. In this paper, we calculated the neutrino flux
from muon and tau which arise from the annihilating/decaying DM. The final muon rate at
neutrino telescopes Antares and IceCube are also estimated. Our results show that Antares
is promising in discovering the neutrino signal from GC in annihilating DM scenario, but
challenging in decaying DM scenario. Moreover, massive DM subhalo is also the promising
high energy neutrino source in the annihilating DM scenario. For ten years operation,
IceCube can reach five sigma significant neutrino signal from subhalos for heavy DM. Note
that in the subhalo the extra Sommerfeld enhancement from lower velocity dispersion can
further improve the neutrino signal.
In this paper we focus on the muon neutrino detection. Actually the tau neutrino is
deserved further investigation because the atmospheric neutrino contains less tau neutrino
than muon neutrino. If one only counts the tau numbers in the neutrino detector, it can
further suppress the atmospheric background [16] and this can be done in future kilometer
neutrino detector like KM3NeT. Finally, it is worthy to mention that pulsars are difficult to
be detected by upcoming neutrino detector [31], thus one may distinguish it from the DM
scenarios.
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for various channels, which agree with their results.
APPENDIX A: MASSIVE SUBHALO WITH LARGE J∆Ω
In order to determine the subhalo DM contributions to neutrino flux, generally speaking,
we need to know the DM profile in the subhalo and the number density of subhalos in the
Galaxy. Currently N-body simulations provide useful information about the DM distribution
in the Galaxy. In this Appendix, we utilize the models based on N-body simulations to
investigate the number distribution of the massive DM subhalo with large J∆Ω, which is
defined in Eqs. (3) and (6).
1. DM subhalo profile
Based on N-body simulations, the DM distribution can usually be parameterized as,
ρ(r) =
ρs
(r/rs)γ[1 + (r/rs)α](β−γ)/α
, (A1)
where ρs and rs are the scale density and scale radius parameters respectively. The param-
eters (α, β, γ) are (1, 3, 1) and (1.5, 3, 1.5) for NFW [24] and Moore [33] profiles respectively.
The two free parameters ρs and rs for a subhalo can be determined once we know the
subhalo mass Mv and the concentration parameter cv which depends on the specific subhalo
model. The density scale ρs can be determined by using the mass relation
∫
ρs(r)dV =Mv. (A2)
In the following we will concentrate on how to determine rs.
If Mv is known, we can calculate the virial radius rv of the subhalo which is often ap-
proximated as the radius within which the average density is greater, by a specific factor
∆ = 200, than the critical density of the Universe ρc = 139 M⊙ kpc
−3 (M⊙ is mass of the
Sun). Thus rv can be expressed as
rv =
(
Mv
(4pi/3)∆ρc
)1/3
. (A3)
rv describes the radius within which the subhalo can hold together by its own gravity, but
it does not describe how the DM mass are distributed inside the distance rv. On the other
14
hand, the scale radius rs describes the DM mass distribution in the subhalo that most of
mass are within this radius. The concentration models assume that the rs is proportional
to the rv and determine ratio of them. Large ratio of rv/rs represents the mass of subhalo
are highly concentrated in a small radius in the center, which results in the cusped profile.
For a concentration model the ratio of rv/rs is closed related to concentration parameter
cv, which is defined as cv =
rv
r−2
. Here r−2 is another radius parameter which is defined
as d
dr
(r2ρ)|r=r−2 = 0. r−2 represents the radius within which the mass of the subhalo is
concentrated. To illustrate this point, we can easily check that r−2 is in fact the inflexion
point of the mass, i.e. d
2M(r)
dr2
∣∣∣
r=r−2
= 0 withM(r) =
∫ r
0
ρ(r′) ·4pir′2dr′. The relation between
r−2 and rs can be calculated by the definition of r−2 and Eq. (A1). The rs for NFW and
Moore profiles are rnfws = r−2 and r
Moore
s = r−2/0.63 respectively. Thus the rs can be
determined by Mv, i.e.
rnfws =
rv(Mv)
cv(Mv)
, rmoores =
rv(Mv)
0.63 cv(Mv)
. (A4)
Based on the above description, we can see that once the cv −Mv relation is given by the
concentration model, the DM profile of subhalo is determined.
We use the same method as Ref. [15] which adopts two concentration models, which are
ENS01 [34] and B01 [35]. In the Ref. [36], the cv is fitted in a polynomial form as
ln(cv) =
4∑
i=0
Ci ×
[
ln
Mv
M⊙
]i
, (A5)
where Ci = {3.14,−0.018,−4.06 × 10−4, 0, 0} and {4.34,−0.0384,−3.91 × 10−4,−2.2 ×
10−6,−5.5× 10−7} for ENS01 and B01 model respectively.
In Fig. 5, the scale radius rs as a function of subhalo mass Mv is plotted to show how
large the subhalos are. The subhalo radius is smaller in B01 model than that in ENS01
model because the cv is larger in B01 model. This plot assumes that subhalos have NFW
profile. For the Moore profile rmoores is equal to r
nfw
s /0.63.
2. Subhalo number distribution
The number of subhalos has been revealed by many N-body simulations [37]. The number
density of subhalos have a power-law relation with subhalo mass and an uniform distribution
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FIG. 5: The scale radius rs as a function of subhalo mass Mv.
in the solid angle as,
dN
dMv · 4pir2dr = N0
(
Mv
Mhost
)−α
1
1 +
(
r
rH
)2 , (A6)
where r is the distance from the GC to subhalo, Mhost is the mass of host halo (the virial
mass of the Galaxy of Mhost = 10
12M⊙). rH is the core radius which is usually a fraction
of the virial radius of the host halo (The relation rH ≈ 0.14rv is adopted here [38]). The
slope α varies from 1.7 to 2.1, and an intermediate α is adopted, i.e. α = 1.9 [39]. N0 is
the normalization factor which is determined by setting the number of subhalos with mass
larger than 108M⊙ to be 100 [36]. Thus if Mv and the distance r of the subhalo are known,
we can calculate the number density of the subhalos.
3. Number of subhalos with J∆Ω(1◦) > 100
In this subsection, we will discuss the number of massive subhalo with J∆Ω(1◦) > 100 in
our Galaxy. From the above discussions, once the concentration model (equivalently saying,
the function cv(Mv) ) is given, the J∆Ω is determined by Mv and the subhalo position in the
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Galaxy. Generally speaking, the heavier subhalo will have larger J∆Ω. At the same time,
the distance between the Earth and the subhalo is closer, the J∆Ω will be larger.
A monte carlo method is adopted to calculate the number distribution of DM subhalos
with mass larger than 106M⊙, according to the distribution function Eq. (A6). Besides
Mv and subhalo distance r from GC, we still need the azimuthal angles θ and φ, which are
uniformly distributed in the solid angle to specify the position of the subhalo. Once we
know the above four parameters, the J∆Ω can be calculated for any specific concentration
model. The concentration models of ENS01 and B01 are adopted in the calculations, while
the DM profiles of subhalos used here are the NFW and Moore ones. The total number
of subhalos N(> 106M⊙) are calculated to be about 6400 in our Galaxy for NFW-ENS01,
Moore-ENS01, NFW-B01 and Moore-B01 subhalo distributions.
In Fig. 6, we give the cumulative number of subhalos with J∆Ω(1◦) lager than a specified
value. From the figure we can see the number of subhalos with J∆Ω(1◦) > 100 depends on the
concentration model and subhalo DM profile. Moore-B01 model provides the largest number
of subhalos with high luminosity. There are several subhalos which are J∆Ω(1◦) > 100 in our
galaxy in this model. For the Moore-ENS01 and NFW-B01 model, the subhalo number with
J∆Ω(1◦) > 100 in 6400 subhalos is about 0.6 and 0.1 respectively and even smaller for the
NFW-ENS01 model.
In order to show clearly the mass and location of subhalo with J∆Ω(1◦) > 100, we depict
in Fig. 7 the number distribution in the r −Mv map. Just for illustration purpose, the
quantity inside the blue contour line shows the total number of these massive subhalos in
the whole Mv − r map. Outside the blue contour line, the number of such subhalos is zero.
Moreover the quantity in the red contour line shows the subhalo number in the shadowed
region. The figure shows that the subhalos tend to have moderate large mass. It is quite
easy to understand. On one hand, subhalos with larger mass will induce higher J∆Ω. On
the other hand, the number of higher mass subhalos is less. Thus the competition between
these two effects determines that subhalos with moderate mass tend to provide the largest
flux. The figure also indicates that subhalos tend to locate around 8.5 kpc from the GC,
which is the distance between the GC and the Earth.
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FIG. 6: The cumulative number of sub-halos with astrophysical factor > J∆Ω(1◦) as a function of
J∆Ω(1◦). The dashed horizon line corresponds to the case that only one subhalo will be observed.
4. Summary
In this Appendix, we showed that the subhalos with J∆Ω(1◦) > 100 are very likely to have
intermediate mass from 108M⊙ to 10
10M⊙, and locate within several kpc from the Earth.
The number of these subhalos in our Galaxy is about O(1) which depends on concentration
model and subhalo DM profile. It should be noted that the ENS01 and B01 models are for
distinct halos in the Universe. In our Galaxy, the subhalos are in the host halo (Milky Way
halo) which is denser than the Universe background. We can expect that the subhalos in
the Milky Way halo should be more concentrated than the distinct halos. The simulation
in Ref. [35] indeed shows the subhalos in a host halo have larger concentration parameter
cv than the distinct ones with the same mass. Thus we can expect larger number of high
luminosity subhalos in our Galaxy comparing with the numbers above.
From Fig. 5 and Fig. 7, we can see that the whole subhalo may be difficult to be covered
by the 1 degree half-cone, which means the subhalo can not be treated as ‘point source’.
Nevertheless, we are interested in the bright core of subhalo which can still be processed as
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GC, the Mv is the subhalo mass.
point source. The IceCube may discover these hot spots through survey of the sky map by
1 degree half-cone.
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